The concentrations of six urinary monohydroxyl metabolites (OH-PAHs) of polycyclic 2 aromatic hydrocarbons, namely 1-hydroxynaphthalene, 1-hydroxyacenaphthene, 2-3 hydroxyfluorene, 1-hydroxyphenanthrene, 1-hydroxypyrene (1OHPy), and 3-4 hydroxybenzo[a]pyrene, were assessed in the post-shift urine of wildland firefighters involved 5 in fire combat activities at six Portuguese fire corporations, and compared with those of non-6 exposed subjects. Overall, median levels of urinary individual and total OH-PAHs (ΣOH-7 PAHs) suggest an increased exposure to polycyclic aromatic hydrocarbons during firefighting 8 activities with ΣOH-PAH levels in exposed firefighters 1.7 to 35 times higher than in non-9 exposed ones. Urinary 1-hydroxynaphthalene and/or 1-hydroxyacenapthene were the 10 predominant compounds, representing 63-98% of ΣOH-PAHs, followed by 2-11 hydroxyfluorene (1-17%), 1-hydroxyphenanthrene (1-13%), and 1OHPy (0.3-10%). A similar 12 profile was observed when gender discrimination was considered. Participation in fire combat 13 activities promoted an increase of the distribution percentage of 1-hydroxynaphthalene and 1-14 hydroxyacenaphthene, while contributions of 1-hydroxyphenanthrene and 1OHPy decreased. 15
Introduction 29
Polycyclic aromatic hydrocarbons (PAHs) consist in a large class of ubiquitous 30 pollutants that are released during incomplete combustions (Kim et al., 2013) (Table 1) . Questions related with the 130 use of personal protective equipment during fire combat and suppression were also included. 131
Since PAHs are ubiquitous compounds, the questionnaire also estimated the non-occupational 132 exposure to PAHs, namely through tobacco smoke and history, wood (or charcoal) 133 combustion for heating at homes (although it is not usual during the selected period of 134 sampling, May to October 2014, due to warm temperatures in Portugal) and the most 135 consumed meals (boiled, roasted, and grilled) during the five days before urine collection. 136
Firefighters that were exposed to tobacco smoke, wood/charcoal combustion and/or if they 137 had consumed grilled and smoked foods within the last three days before urine collection 138
were not considered. Subjects that fulfilled the conditions to participate in this study collected 139 a spot urine sample, in sterilized 50 mL polycarbonate containers, in the end of their work 140 shift. Sampling was performed in triplicate during a period of 180 days between May to 141 October 2014. After collection, samples were coded and immediately frozen at -20 ºC until 142
analysis. 143
Among firefighters, two distinct groups were considered: non-exposed firefighters, i.e. 144 firefighters that were not involved in fire combat activities within 48 hours prior the urine 145 collection, and exposed firefighters who were actively involved in fires combat and 146
extinction. 147 148

Urinary OH-PAHs extraction and chromatographic analysis 149
Extraction and quantification of OH-PAHs from urine samples were performed 150 according to Chetiyanukornkul and colleagues (Chetiyanukornkul et al., 2006) with some 151 modifications. Briefly, a total volume of 10 mL of urine was buffered with acetate buffer at 152 pH 5.0, and incubated for 120 minutes at 37 ºC (Binder KBWF, Tuttlingen, German) with 80µL of β-glucuronidase/arylsulfatase from Helix pomatia (EC 3.2.1.31/EC3.1.6.1; 5.5/2.6 154 U/ml) purchased from Roche Diagnostics (Indianapolis, USA). The hydrolyzed urines were 155 loaded into Sep-Pak® Light Plus C18 (Waters; Sigma-Aldrich, Steinheim, Germany) that 156 were preconditioned with 5.0 mL of methanol and 10.0 mL of water. After elution, cartridges 157 were sequentially cleaned with 10.0 mL of water, and 10.0 mL of methanol/water (20:80; 158 v/v). C18 cartridges were completely dried and eluted with 20.0 mL of methanol/ethyl acetate 159 (10:90; v/v). Extracts were then evaporated till dryness at room temperature (Büchi R200 160 rotavapor and a Büchi Vac V-500 pump), redissolved in 500 µL of methanol and filtered 161 before injection in a LC system (Shimadzu Corporation, Kyoto, Japan) equipped with a 162 fluorescence (FLD) detector. Chromatographic separation of the OH-PAHs was done at room 163 temperature (20 ± 1 ºC) in a C18 column (CC 150/4 Nucleosil 100-5 C18 PAH, 150 × 4.0 164 mm; 5 µm particle size; Macherey-Nagel, Duren, Germany). The optimum chromatographic 165 conditions were: initial composition 50:50 methanol/water, followed by a linear gradient to 166 70:30 methanol/water in 3 min, holding in these conditions for 7 min; then a linear gradient to 167 100% of methanol in 6 min was applied with a final hold of 5 min. The total run time was 30 168 min with a flow rate of 1.0 mL min -1 . The applied optimum excitation/emission wavelength 169 pair for each metabolite was: 232/337 nm (1OHNaph and 1OHAce), 265/335 nm (2OHFlu), 170 inter-assay were determined by replicate analysis (n = 6 during six consecutive days) of 179 spiked samples (0.016 µg/L urine (2OHFlu) to 1 µg/L urine 1OHNaph+1OHAce)). RSD 180 values ranged from 1.3% (2OHFlu) to 6.4% (1OHPhen) and from 1.3% to 8.1% (1OHNaph 181 and/or 1OHAce, and 1OHPy), respectively for intra-and inter-day precision. The detection 182 (LODs) and quantification (LOQs) limits were determined as the minimum detectable amount 183 of analyte with a signal-to-noise ratio of 3:1 and 10:1, respectively (Miller and Miller 2000) . 184
LODs ranged between 0.8 ng/L urine (2OHFlu) to 0.195 µg/L urine (1OHNaph and/or 185 1OHAce), and the respective LOQs varied from 2.8 ng/L urine (2OHFlu) to 0.650 µg/L urine 186 (1OHNaph and/or 1OHAce). 187
All OH-PAH values were normalized with the urinary creatinine levels (mol/mol) that 188
were measured by the Jaffe colorimetric method (Kanagasabapathy and Kumari 2000) . 189
Blanks and standards were day-to-day prepared and scanned; all determinations were 190 performed, at least, in triplicate. Overall, 1OHNaph and/or 1OHAce, 2OHFlu, and 1OHPy were detected in more than 211 80%, 94%, and 97% of the samples, respectively. 1OHPhen was present in all urines. 212
Considering gender discrimination, men presented slightly lower detection rates than women, 213 with values ranging from 80% (1OHNaph and/or 1OHAce), 92% (2OHFlu) and 100% 214 (1OHPhen) in non-exposed male subjects and between 87% (1OHNaph and/or 1OHAce) to 215 100% (2OHFlu, 1OHPhen, and 1OHPy) for exposed male firefighters; 1OHNaph and/or 216 1OHAce, 2OHFlu, 1OHPhen and 1OHPy were detected in 100% of non-exposed and exposed 217 women. 3OHB[a]P, the metabolite of PAH marker of carcinogenicity, was never detected in 218 non-exposed and exposed firefighters. Median concentrations and ranges of total urinary OH-219 PAHs (ΣOH-PAHs) measured in non-exposed and exposed firefighters working at the 220 selected fire stations are presented in Table 2 . Values varied from 0.249 (TDC) to 1.57 (VNH) 221 µmol/mol creatinine for non-exposed individuals, and between 0.973 (BRG) to 8.75 (TDC) 222 µmol/mol creatinine for firefighters involved in firefighting activities (Table 2) . Overall, and 223 with the exception of subjects working at MGD fire station, ΣOH-PAH concentrations were 224 ca. 1.7 (MDL) to 35 (TDC) times higher (p<0.05; nonparametric Mann−Whitney U test) in 225 exposed comparatively with the non-exposed firefighters. Data was also analyzed by gender 226 for TDC and BRG (insufficient data for the other fire stations under study) and the same trend 227 was observed with levels of ΣOH-PAHs exceeding 2 (BRG) to 9 (TDC) times for men, and 2 228 (BRG) to 20 (TDC) times for women (p≤0.024), the concentrations observed before their 229 active participation in fires (Table 1S) Figure 1S ). Among the six fire corporations considered, firefighters from BRG 238 had all OH-PAH levels (and ΣOH-PAHs) significantly higher after occupational exposure. 239
Urinary 1OHNaph and/or 1OHAce concentrations were significantly elevated (p<0.05; 240 nonparametric Mann−Whitney U test) in exposed firefighters than in non-exposed ones 241 (without and with gender discrimination) from all fire stations (57% (MGD) to 5875% 242 (TDC)), with the exception of subjects working at MGD fire station. Higher levels, i.e. the 243 same pattern of variation (p<0.05; nonparametric Mann−Whitney U test) as for 1OHNaph 244 and/or 1OHAce, was also observed for urinary 2OHFlu and 1OHPy concentrations in workers 245 from TDC (except for 1OHPy in women, Figure 1S women from TDC (113%; Figure 1S ) seeming to be the compound which excretion is less 254 affected by fire combat activities. 1OHNaph and/or 1OHAce were the metabolites that 255 contributed the most for ΣOH-PAHs (63% (TDC) to 92% (MGD) for non-exposed and 72% 256 (BRG) to 98% (VNH) for exposed firefighters), followed by 2OHFlu (non-exposed: 4% 257 (MGD) to 16% (MDL) versus exposed: 1% (VNH) to 17% (MRD)), 1OHPhen (non-exposed: 258 2% (MGD) to 13% (TDC) versus exposed: 1% (MRD) to 11% (BRG)), and 1OHPy (non-259 exposed: 2% (VNH) to 10% (TDC) versus exposed: 0.3% (VNH) to 9% (MDL)) ( Figure 3 
Correlations between urinary OH-PAHs 265
Spearman correlation coefficients (r) were determined to explore the relation between 266 urinary individual and ΣOH-PAHs. Overall moderate to strong correlations between 267 individual OH-PAH and ΣOH-PAHs were found for the majority of firefighters. The strongest 268 correlations were found between urinary 1OHNaph and/or 1OHAce and ΣOH-PAHs, with 269 coefficient varying from r = 0.840 (TDC) to r = 0.996 (MGD) for non-exposed subjects, and 270 between r = 0.867 (TDC) to r = 0.999 (MGD, VNH, and MDL) for exposed ones (p≤0.005). 271 A similar profile was observed when discrimination between gender was considered (r = 272 0.980 (men) and r = 0.842 (women) for non-exposed individuals (p<0.004); r = 0.983 273 (p<0.001) for exposed men and r = 0.533 (p=0.139) for exposed women firefighters). 274
Correlations with moderate to high Spearman coefficients were also found between urinary 275 1OHPy and ΣOH-PAHs for non-exposed (0.480 < r < 0.746; p≤0.170) and exposed 276 firefighters (0.509 < r < 0.771; p≤0.162) attending at BRG, VNH, and MRD stations. to PAHs (inhalation, ingestion, and dermal) and the impact of the use of personal protective 320 equipment in occupational exposed workers are needed. Also, it is very difficult to find an 321 appropriate sampling time if exposure takes place via several routes and it is intended to 322 measure a set of different biomarkers. 323
Overall it was observed that exposed wildland firefighters presented higher urinary 324 concentrations of ΣOH-PAHs (except subjects from MGD) and individual OH-PAH (mainly 325 1OHNaph and/or 1OHAce, 2OHFlu, and 1OHPy) than non-exposed firefighters (Figure 2 In this study, consistent evidence was found that excretion of main individual urinary 437 monohydroxyl metabolites was substantially increased in wildland firefighters that 438 participated in fire combat (knockdown and overhaul) activities comparatively with non-439 exposed firefighters. Furthermore, background levels of urinary OH-PAHs in firefighters not 440 actively exposed to fires were assessed. Preliminary data were presented, for the first time, by 441 gender (for two corporations); however this aspect needs clearly to be more deeply explored. 442 1OHNaph and/or 1OHAce were the most abundant urinary metabolites in non-exposed and 443 exposed firefighters which indicated that inhalation may be the major route of exposure; 
